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SYMBOTS

chord, ft.

profile drap coclficienty cog., Momentum deficit in wake

cquivalent drag cocilicient, ¢, + C“yj/ZVm

d
lift coefficioent
momentum coefficient, &Vj/qc

pressure coefficient

distance between trail edge and flap, inches
profile drag, 1lbs,
cquivalent drag, lbs.

dimensionless slot height
equivalent lift-drag ratio

mass efflux, slugs/sec.

dynamic pressure, lbs/ft®
dimensionless edge radius
isentropic jet velocity, ft/sec.

freestream velocity, ft/sec.

dimensionless chordwise positions
angle of attack, deg
mass density of air, slugs per cubic foot
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-  SUMMARY

-

An experimental program has been undertaken to develop circulation
control, high lift airfoils for rotary wing vehicle application. The basic
method used is to eject a thin jet shéet of air tangentially over the

rounded trailing edge of a thick airfoil, usually of modified elliptic'cross
section. The jet sheet remains attached to the rounded trailing edge,
separating, eventually, on the underside., This report preseﬁts results for

~a twenty percent thick cambered ellipse. Lift, drag and section equivalent
lift-drag ratio data are preéented which indicate that this model is one of
the most efficient high 1ift airfoils yet tested.
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INTRODUCTION

A study of high 1ift airfoils has indicated that Cthe method of
cirvculation control by tangential blowing over a rounded trailing cdie
iy more eflficient than other schemes (Reference 1).  The purpose of the
blowing is to encrgize the boundary layer in order to delay scparation
caused by the adverse pressure gradient occurring near the trailing cdje.
'the jeot sheet remains attached duc to the Coanda cffect, thercehy forcing
the sceparation point around the trailing edge. 1In this manner a small
amount of blowing causes a large change in scction lift coefficient.

The present model was designed with the pressure distribution,
blowing slot, and radius of the trailing edge chosen in order to optimige
cfficiency at zero degree angle of attack. The detailed design of this
model {s based on experimental and theoretical consideration discusscd

*
in References 1 and 2.

MODEL AND TEST APPARATUS
This test was conducted basically as a low speed, two~dimensional,
conventional testing prograh. However, numcrous modifiéations had Lo be
made to the model, testing apparatus, and data reduction procedures to

account [for the peculiaritiecs of operation at high lift.

MODEL

The model airfoil cross section was a 20 percent thick ellipse
with a 5 percent circular camber line. The chord of the true 20 percent
ellipse was eight inches; however, the trailing edge was rounded to a
radius of 0.41 inches, which yielded an actual chord of 7.81 inches (20.5
percent thickness). An imbedded blowing slot was located at 97.3 percent
chord. A slot height of 0.0l inches was used for all runs. This height
was selected to maximize the jet velocity ratio Vj/Vm, but was also
large cnough to preclude choking over all but the highest values of C“.
The span of the model was the éntirc tunnel widch, 15 inches. A detailcd
discussion of the effect of slot height, slot position, trailing cdge
radius and other effects are included in Reference 2.

A cross scction of the model showing geometry and construction is
shown in Figure 1. The model upper and lower surface were made of fiber-

glass and were joined at the leading and trailing edge with a soft epoxy

*




compound which [acilitated alterations. The surfacce was finely finished

using number 600 sandpépcr. The upper surface was fitted with a steel
blade which can be scen in a photograph of the model in Figure 2. Thisg
blade was flexed with jacking screws in order to adjust the blowing slot
height. However, the blade was stiff cnough that it did not distort over
15 percent under the maximum internal pressure (nominally 30 psig). The

blade was undercut in order to allow the jet to leave parallel to the

: surface; to allow the jet to converge continuously to the slot exit and to %
;g i reduce any "dead air" region occurring due to the finite blade thickness.
1 The trailing cdge incorporated a relatively large radius of curvature, :
r/c = 0.041 which was very cffective in keeping the jet sheet attached. i
Augmentation air entered the model through both the tunnel walls by expan~ |
sion cones, constructed so their terminal shape matched that of the model '
duct. The conas were scaled to circular plexiglass plates that allowed
the angle of attack of the wmodel to be varied. The model was in turn
sealed to these rotatable end plates. Air entered equally from both ends
. in order to assure constant spanwise momentum distribution from the slot.

The model was fitted with two additionsl plenums and blowing slots,
one at each end of the span, extending slightly more than one-half inch
inboard, The use of the "tip jets" in retaining the two=dimensionality

" of the flow by controlling the tuunel wall effect is described in Reference 1'%
TEST APPARATUS
The wind tunnel used for this test was the NSRDC 15 x 20 inch ;
subsonic tunnel with a 16:1 contraction ratio. This tunnel has a partially
open test section so that there was & negligible longitudinal static
. pressure gradient. The test section walls were wade of plexiglass to-
~ pormit flov visualization with tufts and oil.flow. Photographs of the
nodel installed in the test section are shown in Figure 2, -
_ ‘Model 1ift was measurc’ by the integrated 1ift reaction of 46 floor
- and eani.ng precsure taps running ‘the ontire three. foot. hngth of the test
scccion. tlomer. bocsusc of the far field stroamline disturbance, a
portion of thc puuurc dhcrtbutton fell boyond the forvard and aft nps.
The amn: of crumtm corucuou vas determined emmmuy by the
method of tngu to be 13 pcumt for all lm md.zm mtaml
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solid blocicage corrections were also aspplicd to the tunnel data. Mo
measurement of the pitching movewent was attempted,

Spocial attention was given to the measurement of drag of the hijph
lift model. A drag rake was preflerred to a balance system for two imoor-
tant veasons. First, the high lift cocfficients could result in a larpe
component of induced drag that would be measured by a balance system (if
the tip jets did not remove all three dimensional efflects). Sccond because
of bluwing air thrust, the mcasurcd drag approached zero, which could cause
inaccurate results in this range due to balance tares and hys teresis.  The
rake uscd has 55 total pressure tubes and 8 static tubes in a height of 18
inches, thus providing sufficient tubc density to yield accuratc results.

At very high 1lift coefficient (CL =~ 6), the wake deflection angle approached
30° (as estimated by tufts). To compcnsate for any angularity crrors the
rake was inclined 10° to the free stream. This compromise resulted in
approximately five percent maximum errox for both free-stream and wake
readings. The method of Jones (Reference 3) was used to calculate drag from
the rake data. It should be noted that a correction of ~-fiV_ must be added to
the calculation to correct for the additional mass efflux from the jet.

Other quantities measured include model plenum pressure, temperature
and mass rate of Elow (calibrated for Reynolds number effects). The jet
velocity, Vj, was determined by isentropic expansion from the plenum prussure
to tunnel static pressure. All pressure data were recorded by a 144 tube
scani-valve recorder. .

‘ DISCUSS1ON

DESIGN CONSIDERATIONS

The primary dclign conltderation for this model was the generation of
high 1ift coefficient with maximun overall efficiency. The efficiency can
be described by the cqﬁtvclent 1ift-drag ratio, l/d czl(cd+c vj/zv WA Ay
' From previous tests on several uncambered eliipse modclo (Reference 1) 1:
. was dcducod that for low values of :csign lift coefficient (c < 2.0) and
at low nnglc of attack the momantum drag, cd, ‘would ba close :o zovo. Also
ot the correopondtng low blowing coefftctanta the jot velocity ratio, vj/v
would be appraxlnntnly 2.0. Thus the aquivalent ltft-dr;g ratio would be
>naar optinu- when the 1lift mmn:auon utio. ) c‘l A c » vu mmmd




o viscoun and potential {low desisn of ¢he ni‘lffoi_'l, described in
Retfereace 1, was predicated on the above egonsideralbion,  the model was
Actuuily desiened for maximum 1ift anpgmentation (optimam efficiency) at
sovo wanle of attack and 1ift cocfficicnt hetween 1.0 and 2.0, OFf
desipn compromises necessitated by operaiion at other angles of attack
and/or very high €, were not considered. Lift, drag, and efficiency
fnsu!ts are ptascntdd hercin for the basic airfoil model performance tests.
Resuleus from several related LCqu arc also presented. These include a
hysteresis study, reversed flow test, leading edge slot simulation, and
prelimivary tests of a two=dimeusional circulation control wing concept.
LYFT

The vaviation of 1ift cocflicient with momentum cocfficivnt and

angle of attack is shown in Figure 3. The airfoil developed a 1lift

‘coefficient of 0.5 at zero angle of attack and no blowing. With a small

amount of blowing (Cﬂ = 0,05) at zero angle of attqck a lift coefficient
of 3.1 was generated. This would correspond to an extremely high lift
aug manatlon ratio of aC / & Cu = 52 for this conditionf At-negative
angle of attack (o = -50,‘—100) the augmentatlon ratio remained approx-
imately the same, However, at positive angle of attack (o = 457 s +1O )y a
sudden reduction in lift augmentation occurred. The ¢« = +5° condition
incrcased initially and then abruptly changed slope while at o =+10" the
augmentation remained poor. o o
These seemingly anolmalous results can be explaihed by reference Lo
potential flow pressure distributions shown in Figureyé{ The optimum slot
location was determined for & = 0% to be x/c = 97.3 percent for a trai]iné: g
cdge vadius=chord ratio of 0,04 and G, = 1.5, This location prevented
trailing edge separation at high lift coeificient (Cz = 3.0) due to the
extreme adverse gradient extending from x/¢ = 97,5 percent. Furthermore,
the favorable gradient immediately upstream of this point insurved that no
upstream soparation would oeccur. The relatively low lcading edge suction
pressurce and moderate leading edge adverse pressure gradient were insuf-
fiefont to cause a laminar bubble formation and eventuai Elowjgcga:aﬁion
until very high lift coefficlients (C ~ 6) were reachad. R '

Again referring to the poccntinl flow raaulta in Fis re 4, 1t may be

~saen that at low lift coefficients (c ~1.0) an adverse p ssure grndien:
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extends aft of the 50 percent chord., However, the gradient does not
Become steep enmigh Lo ¢anse .';;vp.'n'.'ltf‘nn L) apafn veaching the 97.5
p‘m.'cmit chord statfon so that dn thin cnse the 97,9 percent slot posltion
was also adequate. Moreover, duc to the smaller magnitude of the gradient
(compared with C, = 3.0 for example), the turbulent shear stress was
reduced causing the coanda jet to work more efficiently. At very high
values of lift coefficient (Cz = 6) the leading edge suction peak and
adversé‘gradient created a small lamirar separation bubble which decreased
theibeak suction value, thus reducing the 1lift and thrust contribution of
the nose. o

with the preceding theoretical considerations in mind the poor

“positive angle of attack performance can be surmised. Figure 5 shows the

potential caleulation for o = 10°, It may be readily secen that the entire
airfoil was subjected to an adverse pressure gradient. Stall occurred
immedintely at low 1ift coefficlent (C, = 1.0). Due to this up stream
separation the jet was very ineffective and generated 1ift augmentation

_ - only over the coanda surface at the trailing edge.

'Alfhouéh the model was not pressure tapped, the above description
is believed accurate due to the near inviscid pressure distribution which
is characteristic of circulation control airfoils, It is further validated
by the drag data shown in Figure 6 and by oil and tqf; observations on the
model. It should be noted, however, that the model was designed: for a
helicopter rotor section operation at zero and slightly negative angle of
attack. For operation at positive angles (an unlikely requirement), the
slot would have been moved closer to the leading edge, thereby, preventing
scparation by the mechanisms of boundary layer contrel ~nd flow entrain-
ment, albeit at the loss of some lift augmentation and efficlency.

The maximum lift coefficient obtained is gomewhat in doubt becaﬁée
a tunnel flow phenomena known as "incipient stagnation" (Reference 4)'may
have occurred. Due to the extremely large jet deflection angles generated
at high 1ift coefficients, the jet wake partially impinged on the floor.
slmultaneoualy, a rapid buffoting on the model occurred indicating a pos-
sible lcading edge stall, If the flow impingement was sufficient, a large
unsteady vortex could have periodically formed under the model also causing
8 buffeting. In the latter case, the measured 1ift would bs reduced by the

S




low pressuve vortex.,  This phenomena is in agreement with other studieg
of jel fiap winps in ground cifect.
- DRAG

The section drag charactevistics are shown in Figure 6. The data

are presentad for Cd K O.Qﬁ and Cu % 0.10 where accurate integration of

the wake suvvey is possible. At blowing coefficients greated than approx-

imately ¢ = 0.10, the wake began,to impinge on the tunnel floor and ‘

puryiully'entraincd the floor bpundary layer. At values of Cq abovc 0.06,

the wake filled the entire rake. DBoth of these considerations made it

difficult to determine drag precisely beyond their respective limitations.
It can be noted that the airfoil exhibits very low, even negative,

~dray cocificients in the design range (i.e., 1.0 =C,6 § 2.0; -5° = « £ 0;

corresponding to .005 = Cu % .03). The thrust recovéry factor, A\Cd/ ﬁscu
gradually decreased with blowing. This phenomena was probably due to a
rapid initial veduction iﬁ»separation drag (base pressure drag) followed by
increasing mixing losses and lower wake energy levels associated with the
higher‘jct detachment angles. If the detachment angle were fixed by a vane
or small radius trailing edge the jet sheet would leave the model with a'higher
energy level and hence would exhibit even greater thrust recovery (as in a blow:.
blown flap), albiet at the loss of lift augmentationm. |

The model was tested at a Reynolds number of 560,000, characteristic
of a rotor or low speed wing. It is likely that at low lift coefficients
the transistion point may have_yaried. However at cz > 3.0 oil studies
indicated a small laminax bubble formation which would force transistion
at the lecading edge. This phenchena also reduced the peak suction thereby
reducing the suction thrust,

REYNOLDY NUMBER

Two Reynolds number, 560,000 and 890,000, were run at zero angle
of attack. No ditfercnces were observed in the C, versus c“ relationship.
This is not to suggest, however, that there is no Reynolds number effect

present but rather, that no significant effect occurred in the rather
anill testing range available in the wind tumnal. cirtatnly the cnorgyk
content of the upstream boundary layexr should have an {mportant ir%lucace




on the blowing requircment. Furthermoré, the coanda separation is

largely infiuehccd by‘the lower surface scparation location and separation
bubble pressure. Significant Reynolds number effects on other models are ‘
~ discussed in Reference 2. ' ‘
: 0il flow studies showed a élearly defined laminar separation bubble
_ occurring at the ledﬁing‘cdge only about one percent chord in length. This
wéuld be e;pcctéd at high 1ift cocfficicent where the sharp suction peak and
advérse‘pfessure gradient occhred (Figure 4). The flow appeared to reat-
tach as a turbulent boundary layer after this point (noted by a thinning of
the ofl film), 1Tt is therefore quite likely that over most of the V1Ift
cuufflclqnt vange the upper surface boundary layer was turbulent from about

5 percent chord aft,

HYSTERESIS STUDY

Previous investigations of uncambered 20 percent ellipsis (Reference
1) have noted that various types of flow separation can occur depending on
the angle of attack and blowing coefficient, For example, at fixed angle
of attack with increasing blowing, a leading edge stall would occur due to
a bubble formation. However at constant blowing and increasing angle of
attack a thick airfoil type stall occurred. In order to quantitatively
study these phenomena the present model was tested both ways. The crosse-
plotted results shown in Figure 7 indicate that no important hysteresis
effect exists on this particular model.

A more classical type of hysteresis also considered possible was
simply a "loop" in the C, versus o curve. This phenomena was not noticed
implying that the jet sheet has a strong stabilizing effect on the flow
even under separated conditions.

EQUIVALENT LIFT-DRAG RATIO

In order to proﬁerly compare this airfoil with other high lift
devices it is necessary to compute the total power requirement or efficiency.
The use of an equivalent lift-drag ratio is proposed, herein, for all future
airfoil comparisons. The equivalent drag is defined as follows:

d =d+ Avj‘lzv. +av,




Where d is the momentum deficit measure in the wake
and ﬁijD/ZV°° is the kinetic energy flux from the

‘nozzle and expanded to freestrcam velocity.

The third term, ﬁvw, represents a momentum drag which could be incurred

when bringing the freestream into an air intake, This term is actually
pessimistic becuase an actual aircraft would not necessarily have to pay thii
"ram drag" penalty, i.e., the air could enter the intake at considerably lower
velocity than that which the section experiences.

In terms of diﬁensionles; coefficient the equivalent lift-drag ratio
is given by:

!,/de = c‘e/(c +CvV /2v + c \'/ /vj)

W3

This ratio is plotted:in Figure 8 against section lift coefficient
for three angles of attack (-5 < o < +5), It may be scen that maximum
values of about l./de = 90 at 1ift coefficients of 1.5 are developed. These
results are very significant in that they are far superior to other high
1ift airfoil systems ¢Reference 1). Furthermore, the results are very
competitive with lift-drag ratios of conventional rotor sections such as
the NACA 0012 airfoil operating at lower 1ift coefficients.

LEADING EDGE SLOT

The effect of a raised, 0.01 inch simulated slot at the leading
edge was investigated briefly. Figure 9 showns the test results where the
primary effect was to decrease the 1ift with no blowing. This would imply
that an imbedded slot configuration without any abrupt curvature changes'
would be necessary to prevent a lift loss inreverse: flow if a rotor with
leading and trailing edge slots were used.

REVERSE BLOWING

The airfoil was tested in a reverse flow condition at sero angle of
attack as shown schematically in Figure 10. With sero blowing, a 1ift
omel{ficiont of approximataly 0.24 was developed, lhthr to the leading
odge trip tests. With increasing blowing, a highly aon-linonr 1ift variation
dovelopad, gradually decreasing in magnitude.

e o o b S YA RIS,
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¢ -«GULATION CONTROL WING

To investigate the feasiblity of a high 1ift wing section, a model
with a 15 percent chord trailing edge flap was tested. The flap was
arranged in such a manner as to float behind the wing in line with the
local free streamline. . It was intended as a high speed fairing which
truncated the airfoil to help keep the center of pressure forward. The
spacing between the tratling edge and the Clap was varied in order to
determine tta offeet on the entralument ot alr avouad the vouaded Lraflinge
edge. Figure 11 shows the results of these tests where it may be .cen
that definite flap proximity effects occurrcd and were minimized only by
an impractically large displacement of the flap position.

These results implied that the flap should be retracted into the
airfoil rather than displaced from the trailing edge. Several mcthods
of achieving this effect are currcntly under study. One of these, a '"split
coanda flap", is shown in smoke flow in Figure 12. 1Two trailing edge radii
corresponding to 4 percent and 8 percent of chord were studied. The 8
percent radius exhiﬁited a strong up flow which implied a considerable
reduction in lower surface pressure resulting in reduced lift augmentation.
The 4 percent radius gave higher 1ift augmentation and hence was selected
for further study.

CONCLUSIONS

® A circulation control airfoil for helicopter rotors has been
tested which gencrated very high equivalent lift drag ratios at lift
coefficients from 1.0 to 2.0. This performance is believed superior to
all other current high 1ift systems.

® A maximum section lift coefficient of 6.30 was obtained for a
blowing coecfficient of 0,23 thus demonltratini higher 1ift augmentation
than previously obtained. ‘

@ The airfoil operated very satisfactorily at its design angle of
attack, o = 0°, and negative angles of attack. At positive angles a flow
ncpgration occurred due to the extreme aft slot position., This separation
seriously degraded the airfoil performance so that operation in this range
was not advantageous with this slot position.




e Initial investigations of a high 1ift wing section substantiate
- the feasiblity of wing circulation control but indicate a retractible
type trailing edge is preferable to a "free floating" flap. .

Dopartment of Mrodym-lcl
Naval ship Research ant novolopnnt Center
Washington, D. C. 20034
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